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In this Letter we establish the phase diagram of (TMTSF),ClO4 to 30 T and above 0.5 K by transport
and magnetization measurements. The high field region is bounded above by a second order transition
from metallic to field induced spin density wave state at 5.5 K. Completely contained inside this

boundary is a first order line terminating in a critical point.

Neither phase boundary shows the large

oscillations predicted in recent models. Our results suggest that there are separate transitions on each
of the two Fermi surfaces, with only weak coupling between the order parameters.

PACS numbers: 75.30.Fv, 72.15.Gd, 74.70.Kn

The Bechgaard salts, (TMTSF),X, have served as a
remarkable laboratory for the investigation of interact-
ing electrons in low dimensions [1]. They are extremely
clean materials with mean free paths of many microns
at low temperature. Their simple quasi-one-dimensional
band structure with Fermi surfaces consisting of slightly
warped parallel sheets belies the complex high field
behavior seen experimentally. In this low temperature
metallic state of the X = PFg salt, a moderate field along
the ¢ (least conducting) direction produces a cascade of
transitions to states, exhibiting the quantized Hall resis-
tance py, = h/nZe2 in the sequence n = ...5,4,3,2,1,0
as field is increased. The integer states have been iden-
tified as semimetallic (field induced) spin density wave
states (or FISDW’s) while n = 0 i1s an FISDW insula-
tor. We understand the cascade of FISDW in terms of
the “standard model” as originally proposed by Gor’kov
and Lebed [2]. The Fermi surface sheets imperfectly nest
leaving closed semimetallic pockets. In the presence of
a magnetic field the closed orbits are Landau quantized
and energy is gained when the Fermi energy lies in a gap.
The SDW wave vector adjusts to ensure this condition,
but its component along the a (most highly conducting)
direction is quantized to values Q, = 2k; + nd, where
8 = ebH /hc is the magnetic wave vector appropriate for
a field perpendicular to the a-b plane and n is the quan-
tum Hall plateau index.

While experiments on the PF¢ salt have been substan-
tially explained by the standard model [3], the ClO4 salt
is different [4]. As in PFg, we observe the FISDW transi-
tions as H | 4 is increased. However, the Hall resistances
show plateaus but not in the expected order [5]: At a few
kelvin, there is reentrance of the metallic phase as field
is increased through the FISDW region [6], there is an
extremely stable quantum Hall-semimetal phase which
persists at 0.5 K from 7.5 to 27 T [7], and there are very
strong “fast oscillations” with (1/H behavior) observed
throughout the low temperature high field region [8].

In order to explain the differences between these
two salts, attention has focused on the anion ordering
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transition which occurs in ClO4 at 24 K and dimerizes the
system along the b direction. The resulting Fermi surface
is schematized in Fig. 1. The b dimerization leads to two
pairs of open orbit Fermi surface sheets. Theoretically,
there are several recent explanations or predictions for the
high field phase boundary. Some suggest the differences
lie in band-structure details or in the competition or
coexistence of many order parameters [9]. Other models
treat the combined effects of an anion ordering gap,
spin density wave gap, and magnetic breakdown [10,11].
The latter tend to yield high field phase boundaries with
spectacular oscillations in 1/H with periodicity given by
the k space area between Fermi surfaces FS1 and FS2.
These calculations assume that there is a single transition
which causes FISDW’s on both FS1 and FS2.

In this Letter we report on a high field phase diagram
which is substantially different than anything that has
previously been imagined for these systems. On cooling
from the metallic state (between 23 and 27 T) there are
two transitions at 5.5 and 3.5 K. The “5.5 K” transition
is second order while the “3.5 K” transition is part of
a first order line that ends at a critical point inside the
FISDW phases. Neither transition shows the predicted
large oscillations with field. The reentrance of the normal
metal at ~4 K with increasing field appears more as a
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FIG. 1. Schematic of the Fermi surfaces of (TMTSF),ClO,,
resulting from a dimerization of the system along the b axis.
Arrows indicate electron orbits in a magnetic field coming out
of the page.
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FIG. 2. Fixed field temperature sweeps of p., p,,, and
magnetization. Note the second order transition at all fields at
~5.5 K and the first order transition at 3.5 K for 24.5 T (most
easily seen in magnetization).

crossover than a transition. The 5.5 K transition, which
is essentially independent of field above 15 T, appears to
be a metal-metal transition, possibly with an SDW on one
FS and a metallic state on the other. The picture which
emerges is of distinct transitions on FS1 and FS2. At
5.5 K FS1 goes insulating but produces only induced gaps
on FS2. For some range below 5.5 K the induced gaps
dominate, but a separate instability on FS2 leads to the
first order transition at 3.5 K.

The phase diagram was determined by a combination of
five transport measurements (P, Pyy, Pzz» Pxy> Sxx, Where
p is resistivity and S is thermopower) and magnetization.
Data were collected on three separate runs at the Fran-
cis Bitter National Magnet Laboratory and encompassed
11 different samples all of which had been *“slow cooled”
through the anion ordering transition at 24 K [12]. The
measurements directly shown in this Letter are p,, and
p.z» which are particularly sensitive to the transitions, and
the magnetization which gives us an idea of the thermo-
dynamics. The Hall resistance p,, was obtained using the
reciprocity relation, Ry, (H) = Ry.(—H), to perform sub-
tractions eliminating longitudinal resistance. R,,(H) and
R, (H) were simultaneously measured with two differ-
ent frequencies (67 and 113 Hz). This allowed real-time
computation of the Hall signal, without reversal of field,
during the field or temperature sweeps. The magnetiza-
tion was obtained capacitively and p,, conventionally.

In Fig. 2 we show the results of temperature sweeps at
three different field regions. On decreasing temperature at

18—19 T we see evidence of a transition in all of the prop-
erties at 5.5 K. Below this temperature R,, and Hall resis-
tance increase and the magnetization becomes diamagnetic
[13]. These changes indicate a second order transition,
which we associate with entering an FISDW. Note that
although the resistances rise more rapidly at lower tem-
peratures there is no hint of an additional transition in the
18—19 T data. At ~24 T we observe similar behavior on
cooling through 5.5 K, however, the resistances do not in-
crease as much as at 19 T. Moreover, there is a clear tran-
sition observed in the resistances at ~3.5 K. The abrupt
step in the magnetization at 3.5 K indicates that the transi-
tion is first order. Finally, at 28 T we again see evidence
of the second order transition at 5.5 K in R;; and magne-
tization, but the first order transition has vanished. (Field
sweeps show that its transition temperature approaches O as
H goes to 27 T.) The 5.5 K transition is barely visible in
Hall resistance at 28 T, suggesting that the carrier density
remains high (metallic) through this transition. A similar
argument could be made for p,, between 5.5 and 3.5 K at
23.5 T. It is interesting to note that p,, roughly doubles
in the region between the two transitions at 24.5 T, hinting
that one of the two FS’s is gapped.

In Fig. 3 we show constant temperature field sweeps.
Above 5.5 K there is sizable p,, magnetoresistance, but
there are no observable transitions in any of the measure-
ments. (The metallic state Hall resistance is below our
measurement sensitivity.) The data at 4 K reveal a sin-
gle well-defined transition at ~11 T marked by a sharp
increase in the resistances and a paramagnetic jump in
the magnetization. As the field increases, the resistances
show “fast oscillations” considerably larger than seen at
temperatures above 5.5 K. More significantly, the mag-
netization, a thermodynamic measurement, shows oscil-
lations. (This agrees with the recently reported behavior
of the sound velocity [14], another thermodynamic mea-
surement which shows oscillations at 5 but not at 6 K.)
Comparing the 4 K with the 7.5 K results we infer that
thermodynamic functions only exhibit the fast oscillations
in an FISDW state and that we have crossed a barrier
into such a state on cooling from 7.5 to 4 K above 11 T.
Returning to the transport measurements at 4 K we note
that, aside from the oscillations, the resistances first rise
and then decrease with increasing field. The Hall resis-
tance at high field is immeasurably small at the bottom of
the oscillations, as in a metallic state [15]. At 2 K there
is a transition at 8 T, and the resistances remain at high
values to 23 T. Also interesting is the behavior of the
magnetization, which here shows fast oscillations which
are inverted from their behavior in the 4 K sweep. At
0.5 K one enters the extremely stable phase at 7.5 T and
exits to a highly insulating phase with ill defined Hall re-
sistance at 27 T as in previous reports [7].

In Fig. 4 we show the phase diagram constructed from
many temperature and field sweeps on the properties
measured above as well as py., pyy, and S,,. The
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FIG. 3. Fixed temperature field sweeps of p., p., and
magnetization. Note strong oscillations in data below 6 K, and
the inversion of the oscillations in magnetization in going from
4 to 2 K. Also note the Hall resistance at 4 K first increases
and then decreases to near zero as field is increased.

5.5 K transition is often difficult to detect with p,, (it
appears as a gradual increase). The higher temperature
phase boundary is second order while the interior phase
boundary is first order, as is seen from magnetization
measurements (Fig. 2). Since there have been several
predictions of an oscillating phase boundary for this
material [10], special attention was placed on a search
for these oscillations. The 5.5 K phase boundary shows
no oscillations to better than 0.1 K. From each individual
measurement it seems that there is a small phase boundary
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FIG. 4. Phase diagram arising from a compilation of measure-
ments shown here and similar measurements on a number of
additional samples. Thin lines are for second order transitions;
heavy lines are for first order transitions.
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oscillation at ~3.5 K, but comparison between, e.g., p_;
and magnetization shows no consistency. Any phase
boundary oscillations are certainly less than 0.3 K and
probably less than 0.1 K.

The present phase diagram differs from previous ver-
sions in the presence of two distinct transitions in the re-
gion from 23 to 27 T. In earlier publications it was thought
that the 5.5 K transition gradually joined the 3.5 K transi-
tion in a continuous reentrant line. Figure 4 is the result
of a much more extensive investigation, but particularly it
is the result of the installation of a new set of field reg-
ulation coils in the hybrid II magnet at the Francis Bitter
National Magnet Laboratory at MIT. This allowed con-
siderably more measurement sensitivity and stability and
more precise temperature control. Also note in Fig. 2 that
at certain fields above 20 T magnetization and p,, show
virtually no indication of the 5.5 K transition. The ther-
mopower measured transition at 3 K and 30 T [16] seems
to coincide with present measurements at 5.5 K and 30 T.

How might such a remarkable phase boundary be pos-
sible? The observation of two distinct transitions in tem-
perature sweeps in the field range 23-27 T suggests the
possibility of separate transitions for the two pairs of
Fermi surfaces at *kpry and *kpp. At 6 K neither FS
is gapped. At 5.5 K FS1 has a transition, and by 3.5 K
there is a sizable gap and no conductance from FS1. But
FS2 is metallic, and the total resistance is approximately
doubled (as is seen). Moreover, between 5.5 and 3.5 K
with FS2 metallic the Hall resistance remains small. Al-
though FS1 and FS2 may have separate transitions, there
are also interesting couplings between them. If the dis-
tortion wave vector is 2kp; along a (i.e., the n = 0 in-
sulating state for FS1), there will be small gaps induced
by the magnetic periodicity (6 = ebH /hc) on FS2 at
2kpy + mé. These gaps lie at 2kp, when 2kp; + mé =
2kpy or 2kpy — 2kpy = 41, /hvy = md. Thus gaps ap-
pear at 2kp, at the fast oscillation frequency. Another
symmetry allowed coupling derives from Umklapp pro-
cesses, since 2kp; + 2kpy = 27 /a.

In terms of a Landau expansion we introduce A, ,
as an order parameter for an FISDW on FSa with
wave vector q, = 2kp, + nd. The periodicities then
allow linear coupling between A;, and A,,. (They
also allow couplings between A;, and Ajj,com Where
the latter implies an order parameter on FS2 with wave
vector 2kpy + md, which, in general, is incommensurate
with 2kg;.) These linear terms act as an effective field
between A;, and the A,’s. These types of couplings
can lead to induced gaps, coexisting order parameters on
FS2, and first order transitions as well as soliton phases,
commensurate lock-in, etc. [17].

To summarize our present thoughts, within the upper
phase boundary Ay is finite and FS1 is insulating. Just
inside the upper phase boundary A,y and A;; would
be zero but they are induced finite by linear coupling
to Ajg. At 26 T, 0.5 K A, is large and dominates
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Asp. In traversing the first order phase line to arrive
at 28 T, 0.5 K there is a discontinuous change to a state
where A, dominates A;;. However, we can also go
continuously between these two states by going around
the critical point. In this case the high field state is the
n = 0 insulator on both FS1 and FS2. On the other hand,
the high field state might be dominated by one of the
induced incommensurate phases Ajincom instead of Ajg.
This would explain why the state above the first order line
appears metallic in Hall but shows a gradual crossover to
insulating resistive behavior at low temperature. It would
also explain why there are persistent fast oscillations
to high field as the induced gaps sweep through €f or
4t,/8 = integer.

In conclusion, we present a new high field phase
diagram for (TMTSF),ClOy4. It is constructed from data
on one thermodynamic and five transport measurements
from 11 different crystals. The results support several
current ideas; the important role of the anion ordering, the
coexistence of several order parameters, and interferences
between the two pairs of Fermi surfaces. However, the
essential ingredient that seems to have been missed was
the possibility of distinct transitions on the two Fermi
surfaces and the couplings that might result. These
measurements still leave open to question whether the
high field state is the long sought n = O insulator or
a more subtle insulator resulting from localization in a
superposition of incommensurate potentials in a quasi-
one-dimensional interacting system.
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